Objective: The pedunculopontine nucleus region (PPNR) is being investigated as a target for deep brain stimulation (DBS) in Parkinson disease (PD), particularly for gait and postural impairment. A greater understanding of how PPNR activities and oscillations are modulated with voluntary movements is crucial to the development of neuromodulation strategies.
rons increased their firing rate during voluntary movements. 6, 7 PPN stimulation elicited locomotion in cats, 8 decerebrate rats, 9 and monkeys with thalamic lesions. 10 PPN inhibition suppressed limb movements 11 and locomotion in animals. 9, 12 The PPN was recently introduced as target for deep brain stimulation (DBS) in patients with Parkinson disease (PD) who had drug-resistant gait and postural instability. [13] [14] [15] Stimulation at 30 to 70 Hz was reported to produce optimal therapeutic benefits. 7, 13, 15, 16 These frequencies are lower than frequencies (130 to 180 Hz) used for STN or GPi DBS in PD.
The purpose of the present study was to examine human PPN activities and its interactions with the cortex during voluntary movements through recording of local field potentials (LFPs) from the PPN region (PPNR). We hypothesize that the PPNR dis-plays different patterns of activities compared with those reported for the BG.
METHODS Patients. We studied 7 patients with PD (table 1) who had PPNR DBS electrodes unilaterally implanted. Four patients were studied in OFF and then ON dopaminergic medication states, 1 patient was studied in OFF state only, and 2 were studied in ON state only. See appendix e-1 on the Neurology ® Web site at www.neurology.org for further details of the patients studied.
Standard protocol approvals and patient consent. All patients provided written informed consent, and the study was approved by the University Health Network Research Ethics Board.
Paradigm and recordings. The study was performed 3 to 5 days after electrode implantations. Sitting in a comfortable chair, the patients were instructed to make brisk, self-paced wrist extension or ankle dorsiflexion movements followed immediately by passive wrist flexion or ankle plantarflexion approximately once every 10 seconds. The movements were studied separately for the left and right sides for 10 to 15 minutes per session.
PPNR LFP from the DBS electrode and EEG at Fp1, Fz, Cz, C3, C4, CP3, and CP4 according to the International 10 -20 System were recorded with linked ears reference. EMG was re- corded to monitor wrist and ankle movements. Further details of the recording procedure are available in appendix e-1.
Data analysis. Data were down sampled to a sampling rate of 1 kHz. DBS recordings were transformed into bipolar montage with the adjacent contacts (0 -1, 1-2, 2-3). EEG electrodes were analyzed in monopolar montage for the movement-related potential (MRP) analysis. For frequency analyses, bipolar montages that represent different cortical topographies including midline (Cz-Fz) and ipsilateral or contralateral sensorimotor regions (C3-CP3/C4 -CP4) were used. Laterality of the EEG bipolar montage was defined according to the side of the PPNR elec-trode. Epochs of 4 seconds before and 1 second after movement onsets were created for MRP analyses. For frequency analysis, we examined epochs of 4 seconds before and 3.5 seconds after movement onset. Epochs contaminated with eye or muscle movement artifacts were rejected. For MRP analysis, at least 30 artifact-free epochs were averaged. MRP onset latencies and amplitudes were obtained from significant waveforms. Waveforms with amplitudes more than mean Ϯ 3 SDs of the baseline (Ϫ4 to Ϫ3 seconds) and lasting more than 500 milliseconds before movement onset were considered significant MRPs. The MRP amplitude was the difference between maximum deflection of the MRP and the baseline. Paired t tests were used to examine the effects of locations (cortex vs PPNR), laterality (ipsilateral vs contralateral), and type of movement (wrist vs ankle) on MRP onset latencies and amplitudes in OFF and ON states.
For frequency analysis, the contact pair that represented PPNR LFP was chosen for each patient (table 1) according to postoperative MRI. One contact was most likely in the PPNR based on postoperative MRI (figure e-1B), and the adjacent contact was chosen based on highest movement-related changes in relative power. For patient 2, who did not have postoperative MRI, we analyzed the contact pair used for therapeutic DBS. Frequency bands sensitive to hand or ankle movements were identified by comparing the relative power between the baseline and movement periods. Power changes in these frequency bands were examined by calculating event-related desynchronization (ERD) and event-related synchronization (ERS). ERD/ERS waveforms greater than mean Ϯ 3 SDs of the baseline with durations more than 1 second were considered significant. Cumulative sum amplitudes (cusum) of ERD/ERS waveforms were calculated to determine the magnitude of ERD/ERS.
Coherence was examined from 4 to 100 Hz between the PPNR contact pair and bipolar EEG that represented different cortical topographies. OFF and ON states were analyzed separately using the same epochs used for ERD/ERS. Permutation statistics were used to determine the significance level of EEG-PPNR coherence.
Phase coherence between EEG and PPNR was examined if significant coherence was found. The time delay between EEG and PPNR was determined. See appendix e-1 for further details of the data analysis.
Postoperative MRI and electrode localization. The technique used to localize electrode contacts has been previously described. 15, 17 Briefly, postoperative axial 3-dimensional inversion recovery and T2-weighted images were transferred to a Stealth-Station workstation and merged using FrameLink4.1 software (Medtronic SNT, Minneapolis, MN). Coronal and sagittal planes were reconstructed based on axial images. The anterior and posterior commissures (AC, PC) were then targeted in the axial plane, and 3 additional points were plotted in the midline. Thereafter, images were reformatted parallel to the AC-PC plane and orthogonal to the midline. DBS electrodes were visualized in all 3 planes, and the location of each electrode was estimated. We considered the center of the sphere-shaped artifacts as the center of the contacts. 18 We defined the PPNR in the anterolateral portion of the pontine/mesencephalic tegmentum that extended from 2 mm below the inferior colliculus to the transition between the inferior and superior colliculi, according to the Paxinos and Huang atlas. 19 RESULTS Movement-related potentials. In both OFF and ON states, significant premovement poten- tials or Bereitschaftspotentials (BPs) preceding selfpaced wrist or ankle movements were observed in all studied sides from EEG and from bipolar DBS contacts. We were not able to distinguish between different subcomponents of BP, 20 probably due to the relatively small number of epochs recorded. Figure 1 shows an example of scalp and PPNR MRPs recorded from patient 1. Because the MRP onset latencies and amplitudes for ipsilateral and contralateral movements were approximately the same at the Cz electrode (Ϫ2.4 seconds, 22 V) and the PPNR contacts (Ϫ1.9 seconds, 2 V), the MRP onset latencies and amplitudes were combined for ipsilateral and contralateral movements to examine differences be- 1 ).
Event-related desynchronization and synchronization.
Two frequency bands, theta (6 -10 Hz) and beta (14 -30 Hz), were found to exhibit changes with movements and dopaminergic medication states (figure 2). The theta band was reduced during movement only in the ON state. The theta and beta ERD/ ERS were similar with different movements but showed conspicuous differences between OFF and ON states. Figure 3A summarizes the theta ERD/ERS findings. The theta ERD/ERS waveforms were consistent among patients (figure 3A, top). For the grand averages of all movement in the OFF state, theta ERD had a mean onset latency of 0.07 seconds (0 ϭ EMG onset, positive values after and negative values before EMG onset), a duration of 2.4 seconds, and a cusum of 7,486. In the ON state, the mean theta ERD onset was Ϫ0.8 seconds, the duration was 3.8 seconds, and the cusum was 12,426. Paired t tests revealed that theta ERD exhibited earlier onset (t ϭ 5.8, p ϭ 0.01), longer duration (t ϭ Ϫ3.9, p ϭ 0.04), and larger cusum (t ϭ Ϫ4.4, p ϭ 0.04) (figure 3C) in the ON state than in the OFF state. No theta ERS was observed in movements studied. Figure 3B summarizes the beta ERD/ERS findings. The beta ERD/ERS waveforms were consistent among patients (figure 3B, top). In the OFF state, significant ERD was observed in all movements in the premovement period with an average onset latency of Ϫ1.4 seconds. The beta ERD continued into movement execution and ended at 1.1 seconds, followed by postmovement ERS. In contrast, in the ON state, significant premovement beta ERS was detected with an average onset latency of Ϫ1.8 seconds, followed by premovement beta ERD with average onset latency of Ϫ0.12 seconds. The beta ERD continued into movement execution and ended at 1.1 seconds, followed by postmovement ERS. The aver-
Figure 2
Grand average of relative power spectra of the PPNR during baseline and contralateral wrist extension movement in the OFF (n ‫؍‬ 5) and ON (n ‫؍‬ 6) medication states from 5 to 50 Hz
The baseline period comprised recordings from 4 to 3 seconds before movement onset and movement period from 0 to 1 seconds after movement onset. The power spectra were computed from an average of approximately 40 epochs from each patient. There were 2 prominent frequency bands in the pedunculopontine nucleus region (PPNR): the theta band, approximately 6 to 10 Hz, and the beta band, approximately 14 to 30 Hz. a.u. ϭ arbitrary units. age duration and cusum of ERD during premovement and movement execution periods were 2.4 seconds and 11,644 in the OFF state and 1.2 seconds and 6,238 in the ON state. The average duration and cusum for premovement ERS in the ON state were 1.5 seconds and 23,131. The total beta ERD cusum was smaller in the ON state than in the OFF state (t ϭ 3.1, p ϭ 0.04; figure 3D ). Premovement beta ERS cusum during ankle movements (mean ϭ 35,262) was larger than wrist movements (mean ϭ 11,010) (t ϭ 3.9, p ϭ 0.03; figure 3D ).
Coherence and phase coherence between the cortex and the PPNR. In the OFF state, coherence between EEG and PPNR was not observed in any movement or average of all movements with 550 trials. In the ON state, theta band coherences were found between the ipsilateral or contralateral sensorimotor regions and the PPNR but not between the PPNR and the midline region. Beta band coherences were found between the midline, ipsilateral, or contralateral sensorimotor regions and the PPNR for all movements studied in the ON state ( figure 4 ). Theta band coherence between the PPNR and the ipsilateral ( 4 ). Permutation statistics showed that beta band coupling between the ipsilateral sensorimotor region ( figure 4, B and D) and the PPNR was more robust than the contralateral connection ( figure 4F ). Beta coherences between the PPNR and the midline prefrontal region that likely represented the SMA were observed in all movements from 14 to 23 Hz, with a peak at approximately 20 Hz (figure 4, G-J). The coupling between midline and PPNR was also found predominantly in the premovement stage, and the durations of coupling were longer during ankle movements (figure 4, I and J) than during wrist movements (figure 4, G and H).
Phase coherence analyses revealed bidirectional theta band relations between the ipsilateral sensorimotor regions and the PPNR. The PPNR lagged the ipsilateral sensorimotor region by 3.4 Ϯ 0.4 milliseconds in the premovement period from Ϫ3 to Ϫ1 seconds but led the ipsilateral sensorimotor region by 2.2 Ϯ 0.6 milliseconds in the movement execution period from 0 to 1 second ( figure e-2, A and B) . For the beta band, the PPNR lagged the midline region by 10.5 Ϯ 4 milliseconds (figure e-2C) in the premovement period. No other phase coherence was observed in the theta and beta bands. DISCUSSION The present study examined the interactions between the human PPNR and the cortices during both arm and leg movements. We found that voluntary movements changed PPNR activities and functional interactions between the cortices and the PPNR. In addition, dopaminergic medications modulated PPNR activities and their interactions with the cortices during planning and execution of voluntary movements.
The PPNR MRP onset latencies of approximately Ϫ2 seconds in the ON state were similar to MRP onset latencies recorded from the STN in the ON state and the ventral thalamus (VT) (approximately Ϫ2.1 seconds). 21, 22 We found phase reversals between adjacent PPNR contact pairs (figure 1), suggesting that PPNR MRP represents focal activities instead of far field potentials. The findings of MRP in the STN, the VT, and the PPNR are consistent with the hypothesis that subcortical nuclei may contribute to the cortical MRP 23 and the PPNR is part of the subcortical circuits involved in movement preparation.
Frequency analysis revealed modulations of PPNR theta and beta frequencies that were similar with upper or lower limb movements and between the ipsilateral and contralateral sides. The strength of coherence between EEG and PPNR LFP was approximately 0.1, similar to previous studies of coherences between EEG and STN or GPi LFP. 24, 25 Because PPNR coherence with the cortex was found only in the ON state, dopaminergic medications promoted the interactions between the cortex and the PPNR in patients with PD. This is consistent with findings that dopaminergic medications restore the deficient activation of SMA and related motor circuits in PD. 26, 27 We found that PPNR theta ERD during movement preparation and execution was more prominent in the ON state than in the OFF state (figure 3, A and C), suggesting that dopaminergic medications promoted suppression of theta rhythm during voluntary movements. Coherences between the PPNR and the sensorimotor regions in the theta band were stronger between the ipsilateral than the contralateral sensorimotor region (figure 4, C and E), consistent with a diffusion tractography study showing strong connections between the human PPNR and the ipsilateral sensorimotor cortex. 4 The ipsilateral sensorimotor region led the PPNR in the premovement period (figure e-2A) but lagged the PPNR in the movement execution period (figure e-2B), suggesting that the ipsilateral sensorimotor cortex may drive the PPNR during movement preparation and receive sensory feedback through the PPNR during movement execution. Animal studies supported the idea that the PPNR is involved with sensory feedback, especially the selection of relevant sensory information for motor programming and execution. 3 Theta band coherences were observed between the ipsilateral sensorimotor cortex and the VT in both humans and animals 28, 29 and the brainstem trigeminal sensory nucleus in rats. 29 These theta coherences were thought to link different neuronal populations for the continuous monitoring of sensory information in the environment. 28, 29 The human PPNR theta band may be part of cortical brainstem thalamocortical system that monitors continuous stream of sensory information.
Beta oscillation is a prominent feature of human parkinsonism. 30, 31 Excessive beta oscillations in the BG 30, [32] [33] [34] and in the cortices may lead to abnormal cortical motor output responsible for parkinsonian motor symptoms. 32, 35 Levodopa as well as voluntary movements decreased beta oscillations in the STN and GPi. 32, 36, 37 STN or GPi high-frequency DBS (Ͼ100 Hz) as well as dopaminergic medications may disrupt the abnormal beta synchronization in the basal ganglia, resulting in improvement of motor symptoms. 35 Premovement beta oscillation in the PPNR decreased in the OFF state but increased in the ON state ( figure 3B ). Premovement beta ERS has not Temporal representation of the grand average coherences (left) and the corresponding permutation tests (right) between the cortices and the PPNR The data were collected from 6 patients in the ON state. Coherence between the ipsilateral sensorimotor region and the pedunculopontine nucleus region (PPNR) during ipsilateral wrist extension movements (A and B); coherence between the ipsilateral sensorimotor region and the PPNR during ipsilateral ankle dorsiflexion movements (C and D); coherence between the contralateral sensorimotor region and the PPNR during ipsilateral ankle dorsiflexion movements (E and F); coherence between scalp EEG electrodes represent the midline prefrontal region (Cz-Fz) and the PPNR during ipsilateral wrist extension movements (G and H) and ipsilateral ankle dorsiflexion movements (I and J). The abscissa denotes time in seconds, where the red marker at time 0 represents movement onset, and the ordinate denotes frequency (4-50 Hz). Red areas in B, D, F, H, and J indicate p Ͻ 0.05 based on permutation tests. In A, C, and E, coherence in the theta frequency range (6-10 Hz) was present intermittently from the start to the end of the epoch and diminished for approximately 0.6 seconds before movement onset. Coherence in the beta frequency range (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) was present during the premovement period from approximately Ϫ2.5 to 0 seconds and was most conspicuous in the ipsilateral sensorimotor region (A to D) during ipsilateral ankle movements (C and D). In G and I, coherence in the beta frequency range (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) was present before movement onset. Coherence between the midline and the PPNR in the beta band was more prominent before ankle movements (J) than before wrist movements (H). Beta coherence between the PPNR and the cortex was stronger in the midline than in the sensorimotor cortical regions (G and A; I and C).
been observed in the BG or the cortex, suggesting that beta oscillation may have different functional significances in the BG (STN and GPi) and the PPNR. There was stronger activation of PPNR beta frequency before ankle movements than before wrist movements ( figure 3, B and D) , and PPNR beta coherence with the cortices was also more robust before ankle movements than before wrist movements (figure 4, A-D and G-J). This may indicate that the PPNR is more involved with lower than with upper extremity movements, consistent with studies showing that PPNR DBS normalized lower limb spinal reflexes 38 and improved falls in patients with advanced PD. 15 The occurrence of beta coherence between the cortices and PPNR before movement onset is opposite to the findings in the VT in tremor patients, where there was beta band coherence between the midline EEG and VT in the resting period, but it was reduced approximately 1 second before movement onset. Also, beta coherence between the midline EEG and STN decreased rather than increased just before movement onset in patients with PD. 39, 40 These differences in beta coherence may indicate that SMA modulates the PPNR, the VT, and the BG during movement preparation through distinct pathways.
Beta coherence between the midline prefrontal region and the PPNR was only found in the ON state (figure 4, G-J), suggesting that dopaminergic medications may facilitate cortical excitatory drive from the SMA to the PPNR (figure e-2C), consistent with findings in human neuroimaging studies regarding the facilitatory effects of dopaminergic medications and PPNR DBS on the SMA-related motor circuits. 5, 26, 27 The premovement beta excitatory drive from the SMA to the PPNR may be involved with formulation of motor program for movement executions. Thus, the beta rhythm in the human PPNR may be prokinetic rather than antikinetic. This may explain the general findings that PPNR DBS at lower frequencies was more effective than at high frequencies (Ͼ100 Hz) for the alleviation of motor symptoms in patients with PD. 7, 15, 16 PPNR DBS at beta frequency (approximately 30 Hz) was reported to alleviate rigidity and gait dysfunctions, whereas PPNR DBS at gamma frequencies (50 to 70 Hz) was found to decrease falls. 15 The PPNR beta band coherence was present just before movements (figure 4, G and J), coincident in time with the beta ERS (figure 3B) and the brief attenuation of PPNR theta band coherence (figure 4, A-F). The different findings for PPNR theta and beta rhythms suggest that they may have different functions associated with 2 different PPNR cortical circuits. The sensory circuits may act through theta oscillations between the PPNR and the sensorimotor cortices, which are active continuously and switch off before movement execution. The motor circuit is then activated and may act through the PPNR beta oscillations driven through the SMA for mediating motor-related function. See appendix e-1 for discussion of the limitations of the study.
Activities of the PPNR change during movement preparation and execution in patients with PD. PPNR theta and beta oscillatory activities are modulated by voluntary movements and dopaminergic medications. Dopaminergic medications promote interactions between the cortices and the PPNR. Compared with oscillations in the BG, the human PPNR oscillations may be modulated differently by voluntary movements and dopaminergic medications and may have different functional significances. 
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